Background Recent reports suggest that adenosine, in addition to terminating supraventricular tachycardia involving the atrioventricular (AV) node, may have antiarrhythmic effects on atrial tachycardia. The electrophysiological effects of adenosine on supraventricular tissue include shortening of action potential duration in atrial myocytes mediated by the potassium current, IKAChAdO; shortening of action potential duration and hyperpolarization in sinus node cells; and antiadrenergic electrophysiological effects resulting from inhibition of adenylyl cyclase. We therefore hypothesized that the response of atrial tachycardia to adenosine would be mechanism specific, with termination of atrial tachycardia due to sinus node reentry or cAMP-mediated triggered activity, transient suppression of automatic atrial tachycardia, and an absence of antiarrhythmic effect on tachycardia due to intraatrial reentry.
A denosine's antiarrhythmic effects on supraventricular tachycardia were originally thought to be confined to tachycardias involving the atrioventricular (AV) node such as AV nodal reentrant tachycardia and reciprocating tachycardia using an accessory AV pathway.1"2 Most other forms of atrial tachycardia are considered to be insensitive to adenosine,34 as are most forms of ventricular tachycardia.5'6 Although earlier studies showed that (with rare exceptions) adenosine failed to terminate atrial fibrillation,7 atrial flutter,38 intra-atrial reentry,4'7 and automatic atrial rhythms,9-1" the present role of adenosine in identifying the mechanism of tachycardia in patients presenting with narrow complex tachycardia is unclear because recent reports suggest that adenosine may terminate as many as 80% of these arrhythmias.12"13
The antiarrhythmic effects of adenosine relate to its site-specific cellular electrophysiological effects. Activation of the adenosine A, receptor in the sinus node and atria, which is coupled to the guanine nucleotidebinding inhibitory protein Gi, results in activation of the outward potassium current, IKACh,Ado.2"14 This current hyperpolarizes supraventricular cells toward the equilibrium potential of potassium (EK --90 mV) and shortens action potential duration. In the sinus node, these effects result in sinus slowing and arrest,15-'7 whereas in the atrium, the effect of hyperpolarization is minimal, and shortening of the action potential duration may precipitate atrial fibrillation. Adenosine also causes minimal (12% to 18%) inhibition of nonstimulated, basal inward calcium current (IC) in atrial myocytes18"19 and antagonizes the electrophysiological effects of catecholamines through inhibition of adenylyl cyclase. The latter effect includes antagonism of the stimulatory actions of catecholamines on ICa; the transient inward current, I,j; and in sinus node cells, the pacemaker current, If.2 Based on these cellular actions, we hypothesized that the effects of adenosine on atrial tachycardia are mechanism specific and that adenosine would therefore terminate atrial tachycardia due to sinus node reentry and cAMP-mediated triggered activity, would transiently suppress automatic atrial tachycardia, and would have little if any effect on non-catecholaminedependent intra-atrial reentrant tachycardia.
Methods
The study population comprised 27 patients who received intravenous adenosine during atrial tachycardia. Twenty-five patients were referred to the electrophysiology laboratory for evaluation of symptomatic supraventricular tachycardia (17 patients), ventricular tachycardia (7 patients), or syncope (1 patient). Two patients were referred for electrical cardioversion of type I atrial flutter. Patients underwent electrophysiological study after an overnight fast and after informed consent was obtained. All antiarrhythmic agents were discontinued for at least five half-lives before the study except (4) spontaneous acceleration and deceleration of the tachycardia rate, and (5) demonstration of overdrive suppression of tachycardia with rapid atrial pacing.
Triggered Activity
Atrial tachycardia presumed due to cAMP-mediated triggered activity5'6 was identified by (1) initiation and termination with programmed stimulation, (2) different atrial activation sequence and P-wave morphology during tachycardia as compared with sinus rhythm, (3) an inability to entrain the tachycardia at multiple pacing cycle lengths, (4) facilitation of tachycardia induction with catecholamine stimulation, and (5) sensitivity of the tachycardia to verapamil and edrophonium.
Pharmacological Testing
Pharmacological testing was performed to assess the effects of acute administration of adenosine on atrial tachycardia. Adenosine (Adenocard, Fujisawa USA) was administered as a rapid bolus injection through a central venous catheter, followed by a 10-mL bolus of normal saline flush. The dose of adenosine was titrated incrementally until atrial tachycardia was terminated and/or transient AV nodal block occurred.
Verapamil, up to a maximal dose of 10 mg, was given intravenously over 60 seconds. Edrophonium was given as an injection of 1 mg over 1 minute, followed by 9 mg over the next minute. Propranolol (0.1 mg/kg) was infused at a rate of 1 mg/min. Transient suppression of tachycardia was defined as transient cessation of the arrhythmia (<20 seconds) followed by spontaneous resumption.
Statistical Analysis
Differences between groups were determined by ANOVA. Values are expressed as mean ± SD for continuous variables. A value of P<.05 was considered statistically significant.
Results
Adenosine was administered to 27 patients in atrial tachycardia. The mechanism of tachycardia was determined to be sinus node reentry in 6 patients, atrial flutter in 8 patients, intra-atrial reentry in 5 patients, automatic atrial tachycardia in 7 patients, and nonreentrant atrial tachycardia due to triggered activity in 1 patient. The clinical and electrophysiological characteristics of these patients are listed in the Table. Patients with automatic atrial tachycardia were significantly younger than patients with sinus node reentry, atrial flutter, intra-atrial reentrant tachycardia, or triggered activity (34±18 versus 58±16, 62±8, 70±8, and 79 years, respectively; all P<.05). There were no significant age differences among the other group of patients. Structural heart disease was present in 3 of 6 patients with sinus node reentrant tachycardia, 6 The P-wave morphology on the surface ECG recorded during sinus rhythm and during tachycardia was identical in all 12 leads (Fig 1) . The atrial activation sequence was anterograde and identical to that recorded during sinus rhythm in all cases (Fig 2) . Intravenous verapamil administered to 3 patients resulted in termination of the tachycardia in all 3 patients (Fig 2A) and suppressed reinduction of the rhythm despite concurrent infusion of isoproterenol in the 2 patients in whom reinduction was attempted. Vagal simulation (either carotid sinus pressure or Valsalva) was ineffective in terminating the tachycardia in 2 of 2 patients. However, edrophonium (10 mg IV) terminated the tachycardia (1 of 1). Further confirmatory evidence of sinus node reentry included the ability to dissociate the high right atrium (4 patients), the low septal right atrium (3 patients), and the left atrium (1 patient) from the tachycardia during the introduction of single atrial extrastimuli (Fig 3) . Of interest was the ability to induce tachycardia with single ventricular extrastimuli or rapid ventricular pacing during isoproterenol infusion in 2 patients. This occurred without significant retrograde conduction delay in the AV node-His-Purkinje system, thus allowing the ventricular extrastimulus to reach the region of the sinus node with sufficient prematurity to induce the tachycardia.
Adenosine (127+85 p.g/kg) terminated sinus node reentrant tachycardia within 15 seconds of administration in all patients. Termination of tachycardia occurred before adenosine-induced AV nodal block was manifest (Fig 2B) and was coincident with the development of flushing and dyspnea. Adenosine-induced atrial or ventricular premature depolarizations did not occur in association with termination of the rhythm in any patient. In all patients, the tachycardia was reinduced and reproducible termination of the tachycardia with adenosine was confirmed.
Atrial Flutter
Atrial flutter was induced with programmed stimulation (3 patients) or occurred spontaneously during (Fig 4) . Adenosine at doses sufficient to produce transient AV block (152±48 1Ag/kg) did not terminate atrial tachycardia and had no effect on tachycardia cycle length (Fig 5) . In 1 patient, administration of adenosine converted atrial tachycardia to atrial flutter, which then terminated spontaneously after 10 seconds. Automatic Atrial Tachycardia Automatic atrial tachycardia was present spontaneously in 7 patients. In 3 patients, it occurred in repetitive runs of 3 to 10 beats, separated by only a few consecutive sinus beats. In 2 patients, incessant atrial tachycardia was present throughout the electrophysiological study, and in 2 patients, tachycardia occurred spontaneously at baseline and became sustained during infusion of isoproterenol. The tachycardia could not be initiated or terminated by programmed stimulation in any patient. The tachycardia cycle length ranged from 360 to 580 milliseconds and was associated with palpitations in 4 patients. In 5 patients, overdrive suppression of the atrial tachycardia was demonstrated after rapid atrial pacing. Oscillations in tachycardia cycle length consistent with acceleration and deceleration of the tachycardia were present in 5 patients. Dissociation of His bundle activation from the tachycardia was demonstrated with appropriately timed ventricular extrastimuli. The P-wave morphology of the atrial tachycardia was different than that during sinus rhythm in all 7 patients.
Adenosine (161+52 ,ug/kg) transiently (5 to 18 seconds) suppressed or slowed automatic atrial tachycardia in all patients (Fig 6) . Suppression of the tachycardia occurred after adenosine-induced transient AV nodal block. Verapamil (10 mg) had no effect on atrial tachycardia in the 2 patients to whom it was administered.
Triggered Activity
The characteristics of atrial tachycardia in 1 patient were consistent with triggered activity. The tachycardia was initiated with atrial or ventricular pacing at cycle lengths of 300 to 400 milliseconds with and without concurrent infusion of isoproterenol. Tachycardia was terminated with single atrial premature extrastimuli and with rapid atrial pacing. The tachycardia cycle length was 430 milliseconds. Adenosine (186 jig/kg) terminated the tachycardia 6 to 7 seconds after administration, before development of transient AV nodal block (Fig 7A) . Edrophonium (10 mg) also terminated the tachycardia (Fig 7B) , which was then noninducible for approximately 20 minutes after drug administration. Similarly, the tachycardia terminated during administration of verapamil (10 mg; Fig 7C) and thereafter was noninducible with and without concurrent administration of isoproterenol. Based on the site of earliest atrial activation during tachycardia, the concordance of P-wave morphology during tachycardia with that ob- shown. An atrial premature extrastimulus (Ap) is introduced during sinus node reentrant tachycardia, resulting in dissociation of atrial activation in the HRA, low septal right atrium, and left atrium from the tachycardia. The tachycardia beat following the atrial extrastimulus was not advanced or reset. Note that although sinus node activity is dissociated from atrial activity, HBE activation appears to be unperturbed by the atrial extrastimulus. This apparent paradox is explained by a decrement in atrioventricular nodal conduction that is exactly equal to the prematurity of the atrial extrastimulus (Ap).
tained during pace-mapping from that site, and the site of successful radiofrequency ablation, the site of origin of the tachycardia was determined to be the right anterior atrial wall, near the base of the right atrial appendage.
Discussion
This study demonstrates the differential effects of adenosine on atrial tachycardia. Adenosine reproducibly terminates atrial tachycardia due to either sinus node reentry or cAMP-mediated triggered activity, transiently suppresses automatic atrial tachycardia, and has no effect on intra-atrial reentrant tachycardia or atrial flutter. These findings suggest that the effects of adenosine on atrial tachycardia are mechanism specific and further delineate both the diagnostic and the therapeutic role of adenosine in patients with supraventricular tachycardia.
Sinus Node Reentrant Tachycardia
Binding of adenosine to the sinus node or atrial A1
receptor activates an outward potassium current, which can also be activated by acetylcholine (IKAChAdo There is a relative paucity of data regarding the effects of adenosine on sinus node reentrant tachycardia. One previous report identified 2 patients who received adenosine during sinus node reentrant tachycardia.33 In 1 patient, the tachycardia slowed but did not terminate in response to adenosine (150 gg/kg), whereas in the other patient, an atrial premature depolarization occurred coincident with termination of the tachycardia. Thus, the possibility that the tachycardia was terminated by an adenosine-induced atrial extrastimulus rather than by a direct effect of adenosine on the sinus node could not be excluded. Another report identified 1 patient with sinus node reentrant tachycardia that did not terminate with 37.5 ,ug/kg adenosine7; however, in the present study, 2 patients required adenosine doses of more than 150 j,g/kg for tachycardia termination. Atrial (or ventricular) premature depolarizations did not occur coincident with termination of the tachycardia in any patient in the present study. With presently available techniques, definitive differentiation of sinus node reentry from triggered activity originating within or contiguous to the sinus node cannot reliably be made.
Intra-atrial Reentry and Atrial Flutter
Adenosine had no effect on intra-atrial reentrant tachycardia or atrial flutter but facilitated diagnosis by inducing transient AV block during tachycardia and unmasking the P-wave morphology. This is consistent with the experience of others.347-8 The lack of effect of adenosine on intra-atrial reentry is congruent with the known effects of adenosine on the wavelength of atrial excitation. Perturbations that lengthen the wavelength (refractory period multiplied by conduction velocity) are in general antiarrhythmic, whereas interventions that shorten the wavelength are arrhythmogenic. Adenosine decreases atrial refractoriness but likely has negligible effects on conduction velocity since the resting membrane potential of atrial myocytes is -EK. As a result, adenosine shortens the atrial excitation wave (through its effects on refractoriness) and therefore facilitates induction of (rather than termination of) reentrant arrhythmias, such as intra-atrial reentry, atrial flutter, and atrial fibrillation. Similar findings have been confirmed experimentally with acetylcholine,34 which shortens refractoriness but has no effect on conduction velocity and thus also shortens the wavelength of atrial excitation.
There are at least three unusual circumstances in which adenosine may potentially terminate intra-atrial reentry. The first involves a reentrant circuit that includes decremental atrial tissue, an infrequent finding. We have previously shown that decremental atrial tis-ADENOSINE 12 mg 
Triggered Activity
One patient in the present study had atrial tachycardia consistent with triggered activity and delayed afterdepolarizations. This diagnosis was based on initiation of the tachycardia with rapid atrial pacing during concurrent infusion of isoproterenol and termination of tachycardia with verapamil and edrophonium as well as adenosine. The pattern of reset responses to extrastimuli introduced during tachycardia can also potentially differentiate between reentrant and triggered mechanisms,22,39 but the introduction of atrial extrastimuli terminated the tachycardia before sufficient data on reset patterns could be obtained. The tachycardia was differentiated from sinus node reentry based on a different P-wave morphology and atrial activation se- quence during tachycardia and sinus rhythm. Although this mechanism of atrial tachycardia has not been previously identified, triggered activity has been demonstrated in experimental atrial preparations. 39 The cellular mechanism for triggered activity is related to an increase in intracellular calcium. Activation of the adenosine A1 receptor results in inactivation of the catalytic subunit of adenylyl cyclase, thus reducing intracellular cAMP levels.2 It is this antiadrenergic action of adenosine that accounts for termination of ventricular tachycardia due to triggered activity5,6 and likely explains termination of the tachycardia in the present study, although direct effects of adenosine on IKAChAdo (and secondary decrease in Ica) could also be contributory.
It should be recognized that the clinical diagnosis of triggered activity is at best inferential, and we cannot definitively rule out intra-atrial reentry in this case. However, because initiation of tachycardia was dependent on burst pacing and catecholamine stimulation and based on the specificity of receptor-mediated responses to adenosine and acetylcholine as well as termination of tachycardia with blockade of the slow-inward calcium current, the mechanism of tachycardia in this patient is most consistent with that of triggered activity.
Conclusions
The findings in the present study demonstrate that there is an important role for adenosine in identifying the mechanism of atrial tachycardia. In addition to its well known effects on AV nodal reentry and AV reciprocating tachycardia, as well as its effects on ventricular tachycardia due to triggered activity, adenosine is useful as a diagnostic probe for suspected sinus node reentrant tachycardia. Furthermore, because adenosine has no effect on reentrant atrial tachycardia but instead transiently suppresses automatic atrial tachycardia and terminates atrial tachycardia presumed due to triggered activity, adenosine may be useful in differentiating between these arrhythmias. Responsiveness of triggered atrial tachycardia to adenosine may account for some instances where adenosine has been previously thought to terminate intra-atrial reentrant tachycardia. Addendum Since submission of this manuscript, we have identified another patient with adenosine-sensitive atrial tachycardia. The electrophysiological findings in this 71-year-old woman were consistent with triggered activity. The tachycardia was initiated with rapid atrial pacing during concurrent infusion of isoproterenol (4 gg/min), had a P-wave morphology and atrial activation sequence that differed from sinus rhythm, and could not be entrained from multiple atrial sites. Termination of tachycardia was achieved with either rapid atrial pacing or verapamil or adenosine independent of electrophysiological effects on the atrioventricular node.
